Removal of premigratory neural crest over somites 1 through 3 in chick embryos has been shown previously to result in a significant incidence of persistent truncus arteriosus. In the present study, single somite-length pieces of premigratory neural crest were removed unilaterally at slightly different embryonic ages. These lesions resulted in a number of different heart defects. Two defects, ventricular septal defect and double outlet right ventricle, were significantly correlated with the location of neural crest removed.
NEURAL CREST plays a crucial role in the normal septation of the conotruncal region of the chick heart. It has been shown that neural crest cells from somite levels 1 through 3 migrate to pharyngeal arches 4 and 6, the aortic sac, and conotruncus.' Ablation of premigratory neural crest over somite levels 1 through 3 results in a high incidence of conotruncal abnormalities similar to ventricular septal defect (VSD) and persistent truncus arteriosus (PTA) seen in man.
Recently, the area of "cardiac" neural crest was shown to extend from slightly cranial to somite 1 to somewhat caudal of somite 3.4 Ablation of bilateral pieces of single-somite lengths of neural crest or unilateral multiple somite-length pieces of neural crest often resulted in PTA and VSD. These were the only types of conotruncal malformations correlated with neural crest ablation in that study. Because PTA indicates a severe deficiency in conotruncal septation, removal of smaller lengths of premigratory neural crest might yield a larger variety of less severe forms of conotruncal malformations.
The present study shows that removal of unilateral single-somite lengths of premigratory neural crest re-sults in conotruncal malformations that are less severe than PTA.
Materials and methods
Arbor Acre chicken eggs (Seaboard Hatchery, Athens, GA) were incubated in a forced-draft incubator at 380 C and 97% relative humidity until stages 8 to 11.1 Embryos were prepared for microsurgery according to the method of Narayanan.' All operated eggs were returned to the same incubator until the circulatory system was well established (about 72 hr total incubation). The viable eggs were transferred to another forced-draft incubator maintained at 370 C and 70% relative humidity.
Microsurgery was performed on experimental embryos (stages 8 to 11) through a window in the shell. A microcautery unit developed in collaboration with the Biomedical Engineering Department of the Medical College of Georgia was used to ablate neural crest cells. Various levels of the neural fold were ablated, with the somites used as reference. The ventral neural tube and underlying mesoderm were left intact. The neural fold consists of the presumptive dorsal part of the neural tube, the neural crest, and some adjacent surface ectoderm.7 Only neural crest cells migrate from this region. For control embryos, a window was made in the shell and was sealed with a glass coverslip. Control eggs were transferred to incubators in parallel with experimental eggs.
All eggs were reincubated for an additional 6 to 7.5 days, bringing the total incubation time to 8 or 9 days. A number was assigned to each egg before it was returned to the incubator, and subsequent processing of specimens was done without knowledge of the group to which they belonged. After morphologic analysis of the hearts, numbers were decoded and the embryos grouped according to treatment.
The embryos were removed from the shell and examined for defects of the thoracic wall. Thoracic wall defect was defined as a deficiency in development of the anterior portion of the thoracic wall so that the conus was visible. A midsagittal thoracic incision was made and the heart removed by cutting the great arteries above the origins of the brachiocephalic arteries. The heart and accompanying vessels were transferred into heparinized saline at 370 C for 5 min and fixed in Perfix (Fisher).
The pericardial sac was removed. By means of a calibrated ocular micrometer, the width of each great artery was measured at the level of origin of the right brachiocephalic artery (figure 1). Although this is a reliable method for measuring the outer diameters of the great arteries, it is flawed in that the pulmonary trunk has divided into right and left pulmonary arteries; thus only the outer diameter of the left pulmonary artery was measured by this method.
A triangular flap was excised from the anterior right ventricular wall (figure 1). The thickness of the right ventricular wall was measured ( figure 1 ). VSDs were classified as basilar or apical. Basilar VSDs were associated with the atrial (outflow, membranous) portion of the ventricular septum; apical VSDs occurred in the muscular portion of the septum. The crista is not clearly defined in 8 to 9 day chick hearts; therefore no attempt was made to classify basilar VSDs as supracristal or infracristal. The area and circumference of each VSD were measured with an Apple graphics tablet and Apple II Plus computer with appropriate software. The center of the VSD was described as being the intersection of its longest dimension and widest perpendicular (figure 1). It was related to the center of the pulmonary valve, the inferior limit of the right atrioventricular ostium, and, in cases of double outlet right ventricle (DORV), the midpoint of the aortic valve (figure 1). In hearts with PTA, the center of the ostium of the artery was related to the VSD intersect. The angle of VSD long-axis orientation was noted as being 45 degrees dextrorotated, 45 degrees levorotated, or horizontally intersecting a line passing from the apex of the heart to the arterial ostia.
The origins of the great arteries were classified based on their position relative to the ventricles. The term PTA indicated origin of a common arterial trunk from the heart. In DORV both the aorta and pulmonary trunk arose from the right ventricle.
The cusps of the semilunar valve(s) were counted and the positions of the atrioventricular valves were noted.
The data obtained were entered into a computer (University of Georgia Systems), and means and standard deviations were determined for individual variables from the control group. Experimental hearts with variables outside the normal range were identified. Significant correlations were determined by chi-square analysis.
Results
Of the 336 embryos with cauterized neural folds, 153 (46%) survived until day 8 or 9 of incubation. Of the 65 control embryos, 37 (57%) survived. Thoracic wall defects were occasionally seen in experimental embryos but the defect was not significantly correlated with the level of ablation.
Right vs left ablation of the neural crest at individual somite levels did not cause a significant variation in the cardiac malformations produced. Hence the data from right and left sides were pooled for unilateral lesions.
Many of the cardiac defects resembled those found in children with congenital heart disease (table 1) . However, only two defects were significantly correlated with the level of the unilateral ablation of the neural crest: basilar VSD and DORV (figure 2, A). Apical VSDs were not observed in this experimental series.
Basilar VSDs were significantly correlated with the level of unilateral ablation of the neural crest (p < .001). The highest incidence of basilar VSD, 53.8%, followed ablation of the neural crest at the somite 1 level. The second highest incidence of basilar VSD, 45.5%, followed ablation of the neural crest at the somite 3 level. Ablations at all levels, except those at FIGURE 1. Line drawings of a normal heart (left) and a heart with VSD and DORV (right) to illustrate the method of analysis. AO = aorta; RB -right brachiocephalic artery; LB = left brachiocephalic artery; PA = left pulmonary artery; RA = right atrium; LA = left atrium; RAV = right atrioventricular valve; RV = right ventricle; LV = left ventricle. A triangular shaped window has been made in the right ventricle. Measurement of right ventricular wall thickness is shown in inset. Basilar VSDs always occurred above the base of the right atrioventricular valve. Complex 1 (see text) 4 Complex 2 (see text) 3 somite 4, resulted in a higher incidence of basilar VSD than did controls (table 2) . The size, shape, position, and long-axis orientation of basilar VSDs showed no significant correlation to the level of neural crest ablation.
DORV was significantly correlated with the level of unilateral ablation of the neural crest (p < .001), with the highest incidence (42.3%) following ablation at the somite 1 level. Ablation at the somite 3 level resulted in only a slightly higher incidence than did ablation at the somite 5 level (22.7% vs 20%). DORV was rare after ablations at somites 2 and 4 (table 2).
All of the cases of DORV had the aorta and pulmonary artery arising from the right ventricle with arterial-atrioventricular valve discontinuity. The aorta and pulmonary artery had normally developed semilunar valves with three cusps each.
Although PTA was occasionally seen after unilateral single somite-length lesions of neural crest, there was no significant correlation. Because a different method of analysis was used to obtain the present results than has been used previously,4 embryos with larger neural crest lesions were prepared for analysis by the method described herein. Bilateral ablation of several somite lengths of cardiac neural crest resulted in high incidence of basilar VSD and PTA (figure 2, B) with no occurrence of DORV (table 3) . Ablation of several unilateral somite lengths of cardiac neural crest resulted in basilar VSD with a mixture of DORV and PTA. Ablation of a bilateral single somite length of cardiac neural crest resulted in basilar VSD with DORV only (table 3) . In hearts with PTA, the valve located at the vessel origin had four cusps.
The stage at which the neural crest cell ablation was performed5 was found to be a crucial determinant in the incidence of cardiac defects. The highest incidence of defects occurred after neural crest ablation at stage 8. The incidence was very slight after ablation three stages later at stage 1 1 ( figure 3 ). Although earlier FIGURE 2. Photographs of two hearts from 8 day embryos in which the premigratory neural crest was ablated. A, A heart with basilar VSD and DORV. B, A heart with a basilar VSD and PTA. (Bar = 0.5 mm.) ablations increased the incidence of the defects, they did not change the pattern of DORV to PTA compared with the level and length of ablation.
Overriding aorta was especially common after ablation at stage 8 (39%). The external diameters of the left pulmonary artery and of the left and right brachiocephalic arteries were significantly smaller than those of controls after neural crest ablation at stage 8 (p < .04).
Two types of complex defects were identified after unilateral one somite-length lesions: complex I (table  4) consisted of basilar VSD, left pulmonary artery hypoplasia, increased thickness of the right ventricular wall, and aorta overriding the ventricular septum; complex II included DORV, side-by-side position of the semilunar valves, and subpulmonic VSD. The occurrence of these complexes was not significantly correlated with any particular level of neural crest lesion. However, complex I was significantly correlated with neural crest cell ablation at stage 8 (p < .005).
Discussion
This experiment has shown that small unilateral ablation of "cardiac" neural crest cells produces basilar VSD and DORV, whereas large unilateral or bilateral Large bilateral (S1-2; S1-3) 100 100 0 5
Large unilateral (S1-2; S1-3) 100 60 40 5 Small bilateral (S1) 80 0 100 5 ablation of neural crest cells produces basilar VSD and PTA.
The fact that neural crest ablation at somite level 5 results in a significant incidence of DORV indicates that a somewhat larger extent of neural crest is important in cardiac development than was previously thought. It is enigmatic that ablations at somite 4 did not result in any type of defect.
A previous study showed that bilateral ablation of neural crest at somite 1 resulted in hearts with basilar VSD and PTA. In the present study the same ablation resulted in basilar VSD and DORV (table 3) . The explanation for this discrepancy is not known. All ablations in both series were performed by one investigator (M. L. K.). The results of the present study suggest that the bilateral somite 1 lesions in the previous experiment may have been inadvertantly larger than the lesions in the present study. More accurate measurement of the length of the lesion may yield more critical results.
The age of the embryo at the time of surgery is a critical factor in determining the incidence but not the type of cardiac malformation that occurs. Stage 8 is the earliest at which the neural fold can be accurately identified and ablated over somites 1 through 3. The neural tube is tightly sealed in this area by stage 10 and presumably the neural crest migration is well underway. The fact that the incidence of heart malformation is higher at stage 8 than at stage 9 indicates that by stage 9 some migration has occurred even though the neural tube has not closed. LeDouarin9 reported migration of occipital neural crest at stage 9. Thiery et al.'0 found that the neural crest cells at the level of somite 2 had individualized at the dorsal aspect of the neural tube by the 11-somite stage. This would correspond to a stage 10 embryo. It is also possible that more of the primitive precursor cells are removed at stage 8 than at subsequent stages.
It is anomalous that unilateral one somite-length lesions of neural crest have such dire consequences on cardiac development, since other studies of neural crest have emphasized the plasticity and hyperplastic abilities of neural crest cells after ablation."' 2 The special characteristics of the cardiac neural crest cells that make them different are not known. The cardiac neural crest migrates through the branchial arches to the outflow area of the developing heart while the heart undergoes craniocaudal migration. We speculate that precise timing of neural crest migration is critical to normal cardiac development. If this is disturbed, the opportunity for cardiac neural crest to repair itself may be lost.
Thiery et al.'0 have described in detail the migratory pathway of neural crest cells at the level of somite 2. The cells migrate between the somite and the ectoderm in a fibronectin-rich pathway. Migration proceeds very rapidly. The cells detach from the neural fold in the 11somite embryo (stage 10) and reach the lateral border of the pharynx by the 16-somite stage (approximately stage 12). The rate of migration is estimated at 70 urn/hr.'0 At the lateral border of the pharynx the cells separate into a dorsal and ventral stream to surround the fourth aortic arch artery. Proliferation of the migrating cell population is extremely rapid. Ciment13 has used the E/C8-monoclonal antibody, which binds to an antigenic determinant in neuronal cells and a few nonneuronal cell types, to study neural crest cells in the branchial arch mesenchyme. He found immunoreactivity in the branchial mesenchyme extending from the rostral border of the third branchial arch caudally into the fourth branchial arch. There was little to no reactivity in the mesenchyme of the first and second branchial arches.
Although no specific conclusions can be drawn from these studies relating to the present investigation, we anticipate that the neural crest in the region of the caudal branchial arches will continue to show characteristics that are not typical of the other areas of cranial neural crest.
The neural crest ablations performed for these studies occasionally were associated with other cardiac malformations that mimic conotruncal malformations found in human beings. Some of these malformations may have been accidental or spontaneous, since they occurred infrequently and were not significantly related to the level of the neural crest ablation or the age of the embryo at the time of the surgery. However, these random malformations were not encountered in control groups. It is tempting to speculate that they too might be consistently produced by appropriate manipulation of the neural crest.
